A novel fibre optic sensing system with a high time resolution of less than 0.04 ps based on an optical pulse correlation measurement mechanism and differential detection technique is investigated. The optical pulse correlation state corresponding to time drift in fibre optic transmission lines is detected by SHG. The results of temperature and strain sensing experiments demonstrate an excellent linear relationship between the differential signal and the measurands inducing time drift of the optical pulse through a fibre optic. Based on the sensing system, a temperature resolution of 0.04 m
Introduction
As a typical sensor with small size, light weight, high strength, flexibility and independence of electromagnetic interference, the fibre optic sensor has been widely applied to fields of industry, environment, biology, health monitoring of civil engineering and inertial navigation [1] [2] [3] [4] [5] [6] . Since the appearance of the fibre optic sensor in early 1970s, various sensing techniques have been developed, such as sensing based on the wavelength shift of fibre Bragg grating, coherence mechanism, Brillouin scattering and Faraday effect [7] [8] [9] [10] . Much more attention of researchers has been focused on the fibre Bragg grating sensor due to its superiority in multipoint measurement and high resolution [11] [12] [13] . However, in the fibre Bragg grating sensing system, a broadband light source is indispensable, which increases the cost dramatically. Moreover, various interrogators are required to substitute the high resolution optical spectrum analyser due to the high cost and low scanning speed. Some interrogators are simple but are more limited in measurement resolution, dynamic range or multiplexing; others provide better resolution but are more complicated, expensive or unstable [14] . As far as sensors based on the coherent technique are concerned, the monitoring length of coherent detection is strongly limited by the coherent length of the light source and the mechanical scanning. Therefore, a simple, real-time fibre optic sensor with high resolution is required. Pulse measurement is an alternative method [15] . In this paper, a novel simple, high resolution fibre optic sensor free of mechanical scanning is proposed.
Time drift in fibre optic devices such as pulse compression fibre, nonlinear optical loop mirrors and erbium-doped fibre amplifiers resulting from the optical power and environmental condition change limits the performance of all-optical fibre modulation multiplexing/demultiplexing in the fibre optic communication system [16] . Therefore, it is necessary to monitor time drift in fibre optics. The sensing system presented in this paper offers a solution. With the optical pulse correlation and differential detection technique, both the value and direction of the time drift can be detected easily. In addition, time drift contains abundant information such as the temperature, strain and pressure around fibre optic transmission lines. Therefore, by detecting time drift in an optical pulse, the environmental conditions around fibre optic transmission lines can be monitored. The sensing system has excellent sub-picosecond time resolution due to the stable distance between reference pulses polarizing in orthogonal planes. The timing monitor circuit is bit-rate flexible and does not need high-speed optical detectors or high-speed IC circuits. By using this sensing system, sub-picosecond time drift value and direction are both easily detected [17] .
Principle
The novel simple, real-time fibre optical sensing system is based on the cross-correlation characteristics of two pulses realized by SHG and the differential detection technique [17] . SHG is a second-order nonlinear effect, in which the output power of the second harmonic wave is proportional to the square of the fundamental wave power under the condition of phase matching. An average of the SH signal denotes the overlap state of two pulses. The combination of optical pulse correlation measurement and differential detection constitutes a real-time sensing system with high time resolution and excellent linearity.
To acquire the correlation and differential signals containing monitoring information, a special optical pulse processing technique which doubles the reference pulse, combines the signal pulse with double reference pulses and separates two pairs of overlap signals with perpendicular polarization states, is required. As is shown in figure 1 , we designed an optical pulse processing unit consisting of a PS (pulse splitter), a HM (half mirror) and a PBS (polarization beam splitter).
An amplified optical pulse train from a ML-LD (modelocked laser diode) modulated by a RF (radio frequency) signal with a frequency of approximately 20 GHz is divided into a reference pulse train and a monitoring pulse train by an optical coupler. By tuning an optical time delay line, the overlap state of the reference pulse train and monitoring pulse train is initialized. The pulse splitter, composed of a birefringent crystal in the optical signal processing unit, separates the reference pulse train into two orthogonally polarized pulse trains with a time delay of approximately 7 ps (determined by the length of the birefringent crystal). By tuning the polarization of the monitoring pulse, an offset polarization angle is controlled so that the monitoring pulse train projects equally in orthogonal polarizing directions. Then the monitoring pulse is combined with each polarization reference pulse, yielding pulse pairs and β, where is composed of a monitoring pulse and a forward reference pulse, and β is composed of a monitoring pulse and a backward reference pulse. The combined pulses are split by the PBS and turned into cross-correlation SH signals, which were detected by two APDs (avalanche photodiodes).
The relationship between input pulses and SH signal, the output characteristic of each channel (which corresponds to part I in figure 1 ) and the corresponding correlation state of the pulse pair are illustrated in figure 2. It can be seen that around point γ the intensity of the SH signal varied linearly with the time delay. A resolution of less than 0.1 ps was obtained. In order to improve the resolution of the system, we introduced a differential detection technique. The differential signal between OUT1 and OUT2 is monitored. The resolution in differential detection depended on the balance of the OUT1 peak and the OUT2 peak, which was determined by the offset polarization angle of the monitoring pulse and detector sensitivity. Therefore, the offset polarization angle is controlled as 45
• to obtain equal components of monitoring pulse in orthogonal polarization directions. On the other hand, if there is a little difference between the sensitivities of the two detectors, the offset polarization angle used to eliminate the asymmetry is monitored by the output voltages of OUT1 and OUT2 with only the monitoring pulse input. If the monitoring pulse drifts forward, the intensity of OUT1 increases, while that of OUT2 decreases. Then the sign of the differential signal between OUT1 and OUT2 becomes positive. If the monitoring pulse drifts backward, the intensity of OUT1 reduces, while that of OUT2 rises. And the sign of the differential signal becomes negative. The change of the differential signal with pulse time delay is illustrated in figure 3 . It indicates that the differential signal varies periodically with pulse time delay.
The period is approximately 50 ps due to the repetition rate of the optical pulse train from the ML-LD, i.e., when the monitoring pulse N has a small time drift it overlaps with pulse M in the reference pulse train (pulse (N + 1) in the monitoring pulse train overlaps with pulse (M + 1) in the reference pulse train). The sensing region is between the points φ and in figure 3 corresponding to peaks of OUT1 and OUT2, respectively. When the time drift of the monitoring pulse is beyond this region, monitor pulse N will overlap with reference pulse (M + 1). Then the region PQ is available. The time resolution of the differential detection system is less than 0.04 ps, which is twice that of single channel measurement. Therefore, the measuring range of the system can be 'zoomed out' with rough resolution and 'zoomed in' with high resolution. Compared with single channel measurement, the differential signal detection has unique advantages:
1. It indicates not only the time drift value, but also the drift direction; 2. Its resolution is nearly double that of single channel detection.
Based on this sensing system, temperature and strain experiments were conducted.
In the sensing system, the overlap state of pluses is indicated by the SH signal detected by the APD module instead of pulse scanning. The SHG signal nearly has no response limit in time. Hence, the response time of the sensing system is determined by that of the detector module. The response time of the detector module to a stepped pulse is several microseconds, which allows the measurement to be immune to fluctuations resulting from external perturbations. Therefore real-time sensing can be realized with this sensing system.
Experiments and results
According to the relationship between the differential signal and pulse time position in figure 3 , the pulse time drift indicated the change of environment conditions of the pulse train in fibre optic transmission lines. Therefore, we can use the system to measure physical quantities such as temperature, strain and pressure around a fibre optic. A typical temperature measurement setup is shown in figure 4 . Before heating the water bath, we located the pulse positions around the decision point by tuning the optical time delay line. When the temperature of water was increased, a timing delay was generated in the monitoring pulse train, which caused a change in the differential signal. A single mode fibre of length 1 m with polyamide sleeve was employed. By controlling the temperature of the water bath, the differential pulse correlation signal was monitored by a digital multimeter.
The variation of differential signal with the temperature of the water bath is shown in figure 5 . An excellent linearity was observed, when the water bath temperature was increased from 19
• C to 50
• C within about 1 h. By fitting the experimental data with the least-squares method, a curve correlation coefficient of 99.24% was obtained. A resolution of about 0.04 m • C was obtained, which indicated that different temperature resolutions could be realized with different fibre lengths to satisfy the corresponding applications. Some fluctuations appeared when the temperature was higher. The main reasons are discussed in the next section.
In addition, an experiment for strain measurement with a single mode fibre of length 56 cm was carried out using a similar approach. Due to the strain, the fibre optic was extended, which yielded a timing delay for the optical pulse through it. The relationship between the differential signal and the manipulator position was shown to be extremely linear with a correlation coefficient rate of 99.78% as indicated in figure 6 . A resolution of 0.2 µε was obtained. 
Discussion
The resolution of the optical pulse correlation system is up to the pulse width of the light source, time jitter and SHG intensity [17] . Basic SH signal resolution has a potential around the femtosecond range. If these factors are optimized, the time resolution can be improved further. In addition, the difference of OUT1 peak and OUT2 peak has a dramatic effect on the time resolution. By equalizing the input optical powers of the optical signal process unit, the time resolution is enhanced to less than 0.04 ps from 0.06 ps.
According to the periodical characteristic between time drift and differential signal as shown in figure 3 , the measurement range of the sensing system based on correlation and differential detection techniques can be selected corresponding to specific applications. Moreover, the result of temperature experiment indicated a selective temperature resolution with different fibre optic lengths. This flexible design in measurement resolution and range provides the correlation sensing system with great potential for applications.
During the temperature experiment, the output voltage of OUT1 is very stable, while that of OUT2 briefly fluctuates. Hence, a fluctuation in the differential signal is yielded. The possible reasons for this instability are from two aspects: one is the phase mismatch in SHG due to the expansion coefficient difference between the fibre optic core and the sleeve; the other is the change of polarization due to birefringence resulting from uneven thermal distribution in the water bath. To obtain higher resolution and stability for pure time drift detection, the polarization fluctuation should be eliminated. A possible solution is to use the polarization-maintaining fibre, or to introduce an active polarization controller at the output end of the monitoring fibre.
Conclusions
A simple, real-time fibre optic sensing system with an excellent time resolution of less than 0.04 ps is proposed. The results of temperature and strain experiments demonstrated good linear relationships between the optical pulse correlation signal and the measurands. Resolutions of 0.04 m
• C and 0.2 µε were obtained in temperature and strain experiments, respectively. The temperature resolution and measurement range are related to the length of fibre optic employed in the experiment. Therefore, we can 'zoom out' to satisfy a large range measurement with a short fibre optic, or 'zoom in' to acquire a high resolution with a long fibre optic. The periodical characteristic between the differential signal and time drift also offers the possibility of long range measurement.
